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- PERFORMANCE AND WINDMILLING IRAG CHARACTERISTICS
By Stanley L. Gendler and William K. Koffel

SUMMARY

The performance characteristics of the I-40 Jet-propulsion
engine are presented and analyzed for a range of altitudes from
10,000 to 40,000 feet and a range of ram pressure ratlos from 0.98
to 1.76.

At an engine speed of 11,500 rpm, the net thrust and the net-
£ thrust horsepower decreased about 25 percent at any alrspeed with
B each 10,000-foot increase in altitude. At an altitude of 30,000 feet

- and an engine speed of 11,500 rpm, the net thrust increased from 1525

hour. At a constant englne speed of 11,500 rpm, the specific fuel
consumption based on net-thrust horsepower showed no apparent alti-
tude effect and decreased from 2.10 pounds to 0.80 pound of fuel per
horsepower hour as the airspeed increased from 235 to 640 mliles per
hour.

to 1890 pounds with an Increase of alrspeed from 235 to 640 miles per

The use of generalizing factors for estimating altlitude perform-

ance of the engine gave only fair results; for example, the perform-
ance at 40,000 feet may be calculated from data obtained at

20,000 feet with an eccuracy within about ¢ percent at a corrected
engine speed of 11,500 rpm.

At an altitude of 20,000 feet, the intermal drag when the engine

was windmilling at airspeeds from 235 to 550 miles per hour is showm
to increase from 2.6 to 13.7 percent of the net thrust developed by
the engine operating at 11,500 rpm at the same respective alrspeeds.
At an airspeed of 400 miles per hour the windmilling drag decreased
from 8.4 percent of the net thrust developed by the engine operating
at 11,500 rpm at 10,000 feet to 5.6 percent at 40,000 feet.
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INTRODUCTION

An investigation has been conducted in the Cleveland altitude
wind tunnel to determine the performance and operational character-
igtics of the I-40 Jet-propulsion engine and its components. The
over-gll performence and the windmilling dreg characteristics of the
engine over a range of altitudes from 10,000 to 40,000 feet and ram
pressure ratios from 0.98 to 1.76 are presented. These rem pressure
ratios correspond to true alrspeeds of about O to 640 miles per hour.

A preliminary presentation of generesl effects observed in alti-
tude investigations of several Jet-propulsion engines including the
I-40 was glven in reference 1. The I-40 performsnce data presented
herein supersede those ln reference 1 where slight differences exist
between corresponding curves.

Efficlencles of the engine components are presented as an aid
in interpreting the engine-performance curves. An induction-system
efficiency of 100 percent was used in calculating the net thrust
and the airspeeds. The free-stream total pressure wes ssgsumed to
be equal to the total pressure at the compressor inlets in order
that the performance dats mey be applied to the installation of the
I-40 engine 1ln any alrplane in wvhich the induction-system efficlency
is known. Gas flow and thrust were calculated from survey-rake
measurements et the tall-plpe-nozzle outlet. The reliability of the
use of generelizing factors in estimating engine performence at any
altitude from experimental data obtained at another sltltude was
examined. :

Several types of fuel system were investigated on the englne
in en effort to improve the engline operation. Because none of the
revised systems materlally changed the engine performence, the per-
formence of the engine with the orlginal fuel system including a
barametric control and 40-gallon-per-hour fuel nozzles 1s presented.

DESCRIPTION OF ENGINE

The I-40 Jet-propulsion engine is 1025 inches 1n length from

the front of the accessory section to the rear of the exhauet cons,
48 inches in dismeter, end weighs approximately 1850 pounds., The
power ratings of the englne for static sea-level cperation are:
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Militexry
take-of f Normal Idling
Engine speed, (xm) ' 11,500 11,000 3500
Thrust, (1b) 3,750 3,200 200
Maximum exhaust temperature, (°F) 1,200 1,100 ~===-=
Thrust specific fuel consump-
tion, (1b/(br)(lb thrust)) 1.20 1,20 awem=m
Fuel flow, (Ib/ar) == ecmcmeee —mm-a- 880

The engine conslsts of five component sections: compressor,
cambustion chambers, turbine, accessory sectlon, and exhaust cone
and tall pipe. The total area of the compressor inlets, Including
the 5-mesh screen covering the openings, 1s 6.53 square feet. The
compressor casing contelns an aluminum lmpeller of the double-entry
centrifugal type, which is 30 Inches In dlameter. Alr discharges
from the impeller into the diffuser, which guldes and diffuses the
air into the ailr adapters commected to each of the 14 combustion-
chamber inlets.

The compressor Impeller 1s bolted between two flanged shafts
that rotate on & ball thrust bearing st the front and a roller bear-
ing at the rear. The rear shaft 1s coupled to the turbine shaft by
a splined coupling and the front shaft drives the accessory train.
The turbine shaft also rotates on a ball thrust bearing at the front
of the shaft and a roller bearing immedlately shead of the turbine.

The burner sectlon is composed of 14 combustion chambers of
the through-flow type into which the alr and the fuel are Introduced
at the front and from which the hot products of combustlon are dis-
charged from the rear. Each combustion chamber conbains a perforated
and truncated combustion liner that divides the combustion zone from
the tapered annular passage through which the secondary air flows.
The upstream end. of the combustion liner is covered with 2 dome
having perforations for admittance of primary air into the combustion
zone., Each dome contains a 40-gallon-per-hour fuel nozzle with an
80° spray cons. Fuel is directed dowmstream along the axis of the
combustion chamber. Ignition for starting 18 provided by spark
plugs that project through the ailr adapters and the combustion-
chamber dames into the fuel sprays of two combustion chambers. All
combustlon chambers are intercommected with cross-ignition tubes,
which ignite the remasining combustion chambers.

The coambustion chambers dlscharge into a collector that forms
the nozzle box for the turbine. Exheust gases leaving the turbine
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pass through the annular space formed between the ilmmer and outer
exhaust cones. The inner cone is supported by four vanes, which
also reduce the rotation of the gases before they are discharged
into the exhaust pipe.

In the standard fuel system, fuel is supplied to each fuel-
injection nozzle from a common fuel manifold at pressures ranging
from 10 to 180 pounds per square inch, depending on englne speed
and altitude. The maln fuel pump is & posltive-displacement pump
driven by the engine. Fuel lsg pumped to the fuel-noczzle manifold
at high pressure. Fuel flow 18 regulated by three controls: a
manual control velve, a '"barometric,"” and & governor. The manual-
control valve consists of a poppet-type shut-off valve closed to
stop the engine and a sliding-cylinder throttling vaelve set by the
pllot for the desired operating speed. The barometric and the
governor bypass the fuel from the high-pressure line between the
fuel pump and the nozzles back to the pump inlet. The function of
the barcmetric is to maintaln constant engine speed for a given
cockpit throttle settling, regardless of changes in altitude and
airspeed. The governor limits the maximum engine speed to
11,500 rpm.

All bearings on the impeller and turbine shafts and the splined
coupling are lubricated by Jets of oll pumped from the accessory
gection., The oll drains from the bearings into a sump and is pumped
back into the oll-supply reservoir In the accessory case. The
accessory case 1s mounted on the front of the engine and supports
the engine accessorles. The gears and the bearings in the accessory
drive assembly are splash-lubricated from the gear that drives the

cll pump.

Some of the ailr approaching the rear impeller inilet of the com-
pressor is used for engine cooling alr, A ccoling-alr fan mounted
on the front side of the turbine wheel pumps cooling air through the
engine as shown in figure 1. A baffle on the engine 1s sealed to
the nacelle wall to limit the cooling-air flow. The maximum cooling-
air flow is given by the manufacturer as about 2 percent of the air
flow through the engine at an engine speed of 11,500 rpm.

TURNEL INSTALLATION AND INSTRUMENTATION OF ENGINE

An I-40-3 engine wag installed in an alrplane fuselage mounted
in the 20-foot-diameter test sectlon of the altitude wind tunnel as
shown in figure 2. Air entered the alrplane through inlets on both
gides of the fuselage near the wing fillets (fig. 3) and flowed

R7R
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through ducts into a plenum chamber surrounding the engine. The alr
then entered the engine through openings on both sides of the double-
entry compressor. (See fig. l.)

Two inlet configurations were used for these runs. In the first
configuration, air was taken from the tunnel test sectlon through the
normal airplane intake ducts for "static tests"™ (fig. 3). In the
second configuration, alr from the tunnel make-up air system was
introduced into the alrplane's two inlet ducts through a Y-shaped ram
pipe (fig. 4). This air was throttled from approximately sea-level
pressure to the pressure corresponding to the deslred ram pressure
ratio at a given altitude.

This alrplane Installation included a tall pipe 95.3 Iinches in
length. The tail pipe had a straight taper from a 2l-inch dlameter
at the exhaust-cone discharge to a 19-lnch dlameter at the tall-plpe-
nozzle outlet.

The engine was extensively instrumented. (See fig. 5.) The
location of the nine statlons used in making the engine analysis is
shown in figure 1. The data presented were obtained by means of the
instrmmentation identified by slant type In figure 5. Thermocouples
of the type used at stations 4 and 8 were callbrated for impact tem-
perature rise over & range of Mach numbers from O to 0.75. The
impect recovery factors thus obtained were used to correct the indi-
cated thermocouple temperatures.

PROCEDURE

Investigations wers conducted over a range of altitudes from
10,000 to 40,000 feet and rem pressure ratlos from 0.98 to 1.76. A&
each altitude and ram pressure ratio, the engine speed was varied
from approximately minimum operable speed to 11,500 rpm. During ram
tests, the pressure in the ram pipe was adjusted to give a2 total
pressure at the compressor inlet that corresponded to the desired
ram pressure ratio at the desired altltude; the pressure in the
tunnel was adjusted to the static pressure at that altitude. The
air temperatures in the ram pipe and in the tunnel were maintained
as close to the desired values as the tunnel refrigeration system
and running time would allow.

When the ram pipe was installed, measurements of engine thrust
and installation drag with the tunnel balance scale were made pos-
sible by the slip Joint in the ram pipe about 36 feet upstream of
the inlets. (See fig. 4.)
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In order to determine the extermal drag of the installation,
power-of f drag tests were conducted with the inleta and the tall-
pipe-nozzle outlet covered with streamlined falrings. Power-off
drag tests were also run with the Y-shaped ram pipe installed end
with a blind flange In the ram pilpe Just upstream of the slip Joint.

During static tests, speeds of 76 to 127 feet per second were
induced in the air of the tummel test sectlon by the ejector effect
of the Jet and by the tunnel exhaust scoop, which was located in
the alr stream immedlietely downstream of the teat section.

SYMBOLS

The symbols and necessary mumerical values used in this report
are as follows:

Ay compressor outlet area at station 4, (1.621 sq ft)
Ag tail-pipe-nozzle outlet area at station 8 (hot), (aq £t)
Ag' tall-pipe-nozzle outlet area at station 8 at 520° R,
(1.973 sq £t)
Ay annular increment of area of tall-pipe-nozzle outlet, (sq ft)
c Jet-thrust callbration factor for tail-pipe-nozzle outlet

rake, (0.968)
specific heat of air at constant pressure, (0.241 Btu/(1b)(°R))

°p
Dy windmilling dreg, (1b)

Fy Jet thrust, (1b)
F net thrust, (1b)
g acceleration due to gravity, (ft/seo?)

enthalpy of exhaust gas as obtalned from figure 1 of refer-
ence 3, (Btu/1b)

J mechanical equivalent of heat, (778 ft-1b/Btu)

K ga?-flow)ca.libmtion factor for tall-pipe-nozzle outlet reke,
0.964

929
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M mass flow, (slugs/sec)

engine speed, (rpm)
P total pressure, (lb/sq £t absolute)
D static pressure, (1b/sq £t absolute)

Pz/PO ram pressure retio

a dynamic pressure, (lb/sq £t)

R gas constant, (£t-1b/(1b)(°R)}); (for air = 53.30, for
exhaust gas = 53.86)

iy total temperature, (°R)

Ty indicated temperature, (°R)

t gstatic temperature, (°R)

thp net~thrust horsepower

v velocity, (ft/sec)
v airspeed, (mph)
W weight flow

We /F ; specific fuel consumption based on Jet thrust,
(1b/(br) (1b thrust))

Wo/F, specific fuel consumption based on net thrust,
(1b/(hr) (1b thrust))

We /thp specific fuel consumption based on net-thrust horsepower,
(1v/(br) (net-thrust hp)) (Seame es corrected specific
fuel consumption besed on net-thrust horsepower.)

We /Wy fuel-air ratio

a thermocouple impact recovery factor (0.86 at stations 4 and 8)
y ratio of specific heats, (1.4 for air and varlable for
exhaust gas)

Ty combustion efficiency, (percent)
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e compreasor adlabatic efficiency, (percent)

Ny turbine sdiabatic efficlency, (pexrcent)

oY density, (slugs/cu ft)

s} ratio of the average total pressure at front and near

compressor lnlets to absolute static pressure of NACA
standard atmosphere alt sea level

e ratio of the average total temperature at front and
rear compressor Inlets to absolute statlc tempera-
ture of NACA standard atmosphere at sea level

Subscripts:

0 effective free-~stream amblent conditlons

2 compressor inlet, (average of front and rear inlets)
4 compressor outlet

5 turbine-nozzle inlet

8 tall-pipe-nozzle outlet

a air

b g fuel

& exheust gas

J vena contracta of exhaust Jet

8 tall-pipe~nozzle outlet shell

X ennular increment of area in tall-pipe-nozzle outlet

The followlng parameters are generallzed to NACA standard atmos-
pheric conditions at sea level:

FJ/‘B corrected Jet thrust, (1b)
Fp/o corrected net thrust, (1b)

NA6 corrected engine spesd, (rpm)
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thp/(5/8) corrscted net-thrust horsepower

vo/6 =~ corrected true airspeed, (mph)
War6 /5 corrected air flow, (1b/sec)
We/(84/6) corrected fuel flow, (1b/hr)

We/(F 5V8) corrected specific fuel consumption based on Jet thrust,
(1b/(br) (1b thrust))

W / (F 06 corrected speclific fuel consumptlon based on net thrust,
£/
(1b/(hr)(1b thrust))

We / (Wy0) corrected fuel-alr ratio

METHOD OF CALCULATION
Temperature

The effective free-stream awblent temperature with the ram pipe
Installed is calculated from the ram pressure ratio:

z-1

N
t, =T, (i-) (1)

The average total temperature at the compressor inlets was
assumed to be equal to the average indlicated temperature at the conm-
pressor inlets; this asgumption resulted in an error of less than
0.2 percent,

Total temperature at the outlet of the compressor was calcu-
lated from the equation

2
%
Ty =Ty 4+ < 1'3P>C’ ii:) (2)

but with the indicated temperature Ti 4 @and total pressure P, at

the campressor outlet instead of static temperature t4 and statlc
pressure Dy, respectively. Thils procedure introduced a negligible

error in the lmpact-recovery corrections.
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The static temperature at the tail-plpe-nozzle ocutlet was cal-
culated from '

T
_ i,8
4

P

1l + <-§\ -1
Pg/
and the total temperature is
2-1
/% 4
Ti,8 ({-’)
Tg = LA (4)

it

Pg\
1+ a.<f§/) -1
Ps
The thermocouples in the turbine-nozzle inlet (fig. 5) did not
accurately measure the temperature of the gas because of the prox-
imity of the flame and the high turbulemce of the flow. As a

result the enthalpy Hg at the turbine-nozzle inlet was calculated
from the temperature at the tall-pipe-nozzle ocutlet by use of

Hs-= cp (T4 - Tp) + Hg (5)

Equation (5) is based on two assumptions: (a) The bearing friction
logses and power to accessorles are small, and (b) the total heat
lose between the turblne outlet and the tall-pipe-nozzle cutlet is
small. The temperature at the inlet to the turbine nozzles Tg,

corresponding to the total enthalpy Hs, was obtained from figure 1
ofreference 3.

All data have been corrected for amall varlations in the tem-~
perature of the air at the compressor inlets from the {emperature at
the given altitude and rem pressure ratio by means of the usual
eltltude generalizing factors.
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Effective Airspeed

Tnasmuch as all calculetions are based on 100-percent ram effi-
ciency, the ram pressure ratio is used to determine the effective
free-stream velocity. The effective free-stream velocity was cal-
culated from

2-1
7

P
7, - z;fia tg <5§> -1 (6)

Owing to the losses in the intake ducts during static tesis,
the total pressure at the compressor inlets was slightly less than
the free-stream static pressure end the resulting ram pressure
ratio was less than 1.0. Because effectlve free-stream veloclty
becomes mathematically imaginary, quantities involving initiel
mamentum at a ram pressure ratlo of 0.98 have been omitted from this
repors..

Gas Flow

Gas flow was calculated from temperature and pressure measure-
ments obtained wlth a survey rake located at the tall-pipe-nozzle
outlet. The equation for calculating gas flow was derived from the
definition of weight flow:

Wg = &PghgVg (7)

When Bermoulli's compressible-flow equation for veloclty is applied,
the velocity of the Jet at the nozzle outlet is

2=l
7
Vs = .z_ygBi@ Eg -1 (8)
o 7-1 Py
The expression for mass density is
P
8
= — 8
Pg Tt (9)

and, when equations (8) and (9) are substituted into equation (7),
the equation for gas flow is
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(30)

Inasmuch as the total and static pressures and temperatures
vary appreclably across the taill pipe, the gas flow is the summatlion
of the gas flow through each annular element of the tall~pipe-nozzle
outlet area. Substitution of equation (3) and application of the
gas-flow calibration factor in equation (10) gives

2-1 2-1
7

P
-1+cx,<_I -1

P\’
W, =K -(—2@—— N A Px Px (11)
g = “Pg 7-1)Rg x Ty x

The values of ¥ wused in equation (1l) correspond to the
static temperatures at the tail-pipe-nozzle area and were obtained
from a curve for a fusl-air ratic of 0.02 and a combustion effi-
ciency of 70 percent.

In order to correct for the thermal expansion of the area of
tall-pipe-nozzle outlet, the coefficlent of expansion of area is
taken as twice the linear coefficlent of expanslion times the temper-
ature rise. Because the coefficlent of linsar expansion for Inconel
1s approximately 9 X 10~° inches per inch per °F for a range of tem-
peratures from 100° to 1400° F, the equation for the hot area becomes

Ag = Ag® [1 + 1.8 x 107 (T, - 520) ] (12)

When modified to include the correctlion for the hot tail-pipe-
nozzle outlet area, equation (11) becomes

( :
2-1 21
4 4

(EE =1l +a (-P—x -1
- ) ’__.ZZS__ E Pr/ , sz
wg = < KPS (7_1)38 A'I = Ti,x > Y (B)

626
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where
Y. = 1+ 1.8x 107 (T, - 520)

Alr flow is then found by subtrecting the fusl flow

Thrust

The thrust was calculated from the temperature and pressure
measurements used In calculating the gas flow. Calculation of Jet
thrust was accomplished by the use of an equation derived from the
general formula

FJ = MGVJ = MSVS + Ag (pg - PO) (15)
where
MVg = pghgV” (16)

Substitution of equations (8) and (9) into equation (16) and sum-
matlion of the forces from each incremental ennular area gives

2-1
y
MV, = -""1]-_ rg Ay <E) -1 (17)
”- Py

Substitubing equation (17) into equation (15) and applylng the
calibration factor C and the correction for the hot tail-pipe-
nozzle outlet area gives the final equation for Jet thrust

z-1
2 Py 7
- ¢l = - -
Fy=Ce35m ) <Px> 1l +4g (pg-py) ¢ T (18)
where
Y =1+ 1.8x 107° (T4 - 520)

and 7 +varies wlth the tail-plpe temperature.

The Jet-thrust and the gas-flow calibration factors, which are
defined as the ratio of the measured to the calculated values, are
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0.968 and 0.964, respectively, for the tail-pipe-nozzle outlet rake,
These factors were determined from sea-level, gtatic test-stand
data. Altitude-wind-tunnel investigations indicated that these
factors were unaffected by altitude and engine speed.

Subtracting the initial free-stream momentum of the inlet air
from the Jet thrust glves the following equation for net thruet:

Fp = FJ - MgV (19)
Windmilling drag was calculated from the expression

which was In agreement with drag measured with the wind-tunnel
balance. '

Horsepower

Net-thrust horsepower may be calculated from the product of
alirspeed in feet per gecond and net thrust by the relation

Fp¥y

550 (21)

thp =
Compressor Efficiency

Compressor adiabatic efficiency is defined as the ratio of the
adlabatic temperature rise to the actual temperature rise through

the compressor
Pg\ 7
o -1
2 (22)

Combustion Efficiency

Combustion efficiency may be defined as the ratio of the "ldeal"
fuel-alr ratlio required for the production of the measured combustion

temperature to the fuel-air ratio actually measured

626
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T, = ideal fuel-air ratio (23)
b actual fuel~alr ratio

The ideal fuel-alr ratio is obtained by use of an alinement
chart (fig. 1 of referemce 2). The initial air temperature is taken
as the average compressor-lnlet temperature To and the final com-
bustion temperature is taken as the tail-pipe-nozzle outlet total
temperature Tg. The engine burned kerosene with a hydrogen-carbon

ratlo of 0.175 and a lower heating value of 18,600 Btu per pound.
Turbine Efficiency
Turbine efficlency as used herein is the ratlo of the actual

temperature drop to the adlebatic temperature drop from the turbine-
nozzle inlet pressure to the tall-plpe-nozzle outlet pressure

T
1 - )
%5 (24)
1
P8>7
1=
Pg

Turbine efficlency is uncorrected for losses in the tall pipe
because the instrumentation gave inaccurate temperatures at the tur-
bine outlet. Eguetion (24) probebly gives values close to the actual
turbine efflciency because the losses in the tall pipe are small,

RESULTS AND DISCUSSION
Component Efficlencies

The performsnce of & Jet-propulsion engine ls determined to a
large extent by the efficlencies of its components. EKnowledge of the
effects of altitude and ram pressure ratio on the component efficilen~-
cles is of assistance in analyzling the over-all performance of a Jet
engine. Figures 6 to 8 present the variation of compressor adiabatic
efficlency, cambustion efficlency, and turbine adiabatic effilciency,
respectively, of the I-40 engine with englne speed, altitude, and
rem pressure ratio.

Campressor efficiency. - Compressor adiabatic efficlency at a
ram pressure ratio of approximately l.2 reached e maximum of 69.5 per-
cent at an engine speed of 10,000 rpm end fell off to 68 percent at
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11,500 rpm (fig. 6(a)). Altitude had no significent effect an com-
pressor efficiency at any engine speed. Figure 6(b) shows that the
compreasor efficlency decreased rapidly with increasging ram pressure
reatio at low engine speeds. At engine speeds above 10,000 rpm,
however, ram pressure ratlio had little effect.

Combustion efficiency. - The combustion efflclency decreased
rapidly with increasing altlitude at low engine speeds, as shown in
figure 7(a). At 11,500 rpm the combustion efficiency varied from
approximately 96 to 94 percent with a change in altitude from
10,000 to 40,000 feet. Combustion efficiency was unaffected by ram
pressure ratio (fig. 7(b)).

Turbine efficiency. - Turbine adlabatic efficlency at a rem
pressure ratlo of approximetely 1.2 reached a maximum of nearly
84 percent at an engine speed of 7000 rpm and decreessed to 80 per-
cent at 11,500 rpm (fig. 8(a)). Altitude had no discernible effect
on turbine efficiency at any engine speed. The data in figurs 8(b)
indicate that turbine efficlency is at a maximm at a ram pressure
ratio of approximately 1.08 at all engine speeds and decreases with
both increesing and decreasing ram pressure ratio. At engine speeds
above approximately 8000 rpm, the effect of ram pressure ratlio on
the turbine efficlency was emall. No date points are shown in fig-
ure 8(b) because the great mmber of points would obscure the effect
of ram pressure ratilo.

Engine Performance

Altitude efféect on performence. - Comparison of engine perform-
ance at altitudes of 10,000, 20,000, 30,000, and 40,000 feet at a
ram pressure ratio of approximately 1.2 shows ithat air flow, Jet
thrust, net thrust, and net-thrust horsepower (figs. S to 12)
decreased with altitude as a result of decreased alr density and
decreased mess alr flow at high altitudes.

Altitude had no effect on the specific fuel consumption based
on net-thrust horsepower as shown in figure 13. Inasmuch as the
compressor-inlet air temperature decrsased with increasing asltltude
and the compressor operated at a higher effective corrected engine
speed and a higher compressor pressure ratlo, the cycle efficlency
wes increased. This increase in cycle efficlency was apparently
balanced by the loss in combustion efficiency (fiz. 7). Increased
gpecific fuel consumption in the low engine-speed range was caused
by the low component and cycle efficiencies. Similarly, the specific
fuel consumption besed on net thrust (fig. 14) showed no altitude
effect. At an engine speed of 11,500 rpm end a ram pressure ratio
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of approximately 1.2, the specific fuel consumption was 1.40 pounds
of fuel per horsepower-hour and 1.35 pounds of fuel per hour per
pound of net thrust.

Specific fuel consumption based on Jet thrust (fig. 15)
decreased with increasing engine speed and decreasing altitude,

The fuel consumption of the I-40 engine (fig. 16) decreased
with increasing altlitude at constant engine speed because the net
thrust horsepower (fig. 12) decreased with inoreassing altitude and
the specific fuel consumption based on net thrust horsepower
(fig. 13) was unaffected by altitude.

The fuel-air ratio (fig. 17) increased with altitude through-
out the entire range of engine speeds. The increase in fuel-air
ratlo at a given altitude as 1dling speed 1ls approached is caused
by the rapld decrease in combustion efficlency.

Ram-pressure-ratio effect on performance. - Performance results
showing the effects of ram pressure ratio at an altitude of
30,000 feet are shown in figures 18 to 26. The increase in air
flow with increasing ram pressure ratic over the entire range of
engine speeds is shown in figure 18. The Jet thrust (fig. 19) wes
greater at high ram pressure ratlos as a reasult of the increasing
mass air flow and Jet veloclty.

The curves of net thrust at an altltude of 30,000 feet plotted
against engine speed for several ram pressure retios.cross as shown
in figure 20. A similar effect of ram pressure ratio and engine
speed on net thrust horsepower is shown in figure 21,

At engine speeds greater than 8500 rpm, the specific fuel con-
sumption based on net thrust horsepower (fig. 22) decreased with
Increasing ram pressure ratio because the cycle efficiency improved.
In the range of low englne speeds the specific fuel consumption
increased with ram pressure ratio because the compressor efficlency
(fig. 6(b)) and the turbine efficiency (fig. 8(b)) decreased rapidly
with an increase in ram pressure ratio from 1.08 to 1.76, even
though cycle efficiency improved with ram pressure reatio,

Specific fuel consumption based on net thrust (fig. 23)
increased wilth increasing ram pressure ratio at all engine speeds;
whereas specific fuel consumption based on Jet thrust decreased
(fig. 24). The increase in specific fuel consumption based on net
thrust with lncreasing ram pressure ratio results from the omission
of alrspeed in the determination of the net thrust specific fuel
consumption. -
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The extended portions of the curves 1n figures 22 and 23 were
determined from the faired curves of fuel flow, net thrust, and
net thrust horsepower plotted against engine speed.

Fuel consumption was increased by increased ram pressure ratio
(fig. 25) at engine speeds greater than S000 rpm and wes decreased
at lower speeds. Fuel-air ratio (fig. 26) decreased with increased
ram pressure ratio at all engine speeds.

The specific fuel-consumption data In flgures 22 and 23 are
replotted in figures 27 and 28 against net thrust horsepower and
net thrust, respectively. The power specific fuel comsumption of
the I-40 engine 1s a minimum at maximum power output,

As an aid in estimating the performance of an alrplane-engine
combination, net thrust, net thrust horsepower, and specific fuel
consumption based on net thrust horsepower are plotted against alr-
speed at several altitudes (fig. 29 to 31).

At an engine speed of 11,500 at all altitudees, the minimum

net thrust (fig. 29) was at approximately 275 miles per hour. The
decrease in net thrust at an engine speed of 11,500 rpm was approx-
imately 25 percent per 10,000-foot lncrease in altitude at any air-
speed. At 30,000 feet and 11,500 rpm, an increase 1ln airspeed from
235 miles per hour to 640 mlles per hour resulted in an increase in
net thrust from 1525 pounds to 1890 pounds (fig. 29) and an increase
in net thrust horsepower from 955 to 3200 (fig. 30).

At en engine speed of 11,500 rpm the specific fuel consumptlon
based on net thrust horsepower (fig. 31) decreased from 2.10 pounds
to 0.80 pound of fuel per horsepower-hour as airspeed increased
from 235 to 640 miles per hour. Specific fuel consumption based on
net thrust horsepower showed no altitude effect.

Generalizing Factors

Performance testing of Jet-propulsion engines would be greatly
facilitated if data obtained at a given altltude and rem pressure
ratio could be used to estimate engine performance at any altitude
condition. The generalizing factors & and & have been derived
for the reduction of data obtalined at altitude conditions to sea-
level conditlons by applying the methods of dimensional analysis
(reference 3). The generalized parameters used to present engine
performance are: engine speed, N//8; Jet thrust, F 3 [fo; net
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thrust, F,/6; net thrust horsepower, thp/(8/6); air flow,

Wo/8/6; fuel flow, Wp/(846); Jet thrust specific fuel consumption,
Wf/(Fj\fé); net thrust specific fuel consumption, We/(F,V8); net
thrust horsepower specific fuel consumption, Wf/thp; and fuel-air
ratio, We/(Wg6).

Altitude effect on generalized data. - Corrected alr flow,
corrected jet thrust, corrected net thrust, and corrected net thrust
horsepower each reduced to a single curve at low engine speeds for
a2ll altitudes at a ram pressure ratlio of approximetely l.2 are shown
in figures 32 to 35. At 11,500 rpm, an increase in altitude from
20,000 to 40,000 feet decreased the corrected air flow about S per-
cent and decreased the corrected Jet thrust, corrected net thrust,
and corrected net thrust horsepower about 9 percent each. The
failure of the data to generalize to one curve in figures 32 to 35
is attributed to Reynolds number effect.

The specific fuel consumption based on net thrust horsepower
and net thrust, which coincidently fall on single curves in fig-
ures 13 and 14, falled to reduce to single curves in figures 36 and
37 because the combustion efficlency was omitted from the general-~
izing factors. Corrected specific fuel consumptlon based on Jet
thrust (fig. 38) was higher at high altitudes throughout the entire
range of engine speeds. The corrected fuel consumption plotted
against corrected engine speed (fig. 39) reduced to a single curve
only at corrected engine speeds greater than 11,000 rmm.

Corrected fuel-air ratio (fig. 40) came within about 10 percent
or less of being a single curve at corrected englne speeds greater
than 11,000 rpm and a ram pressure ratio of approximately 1l.2.

Tnasmuch as quantities involving air flow generalized to one
curve only at low englne speeds and guentities involving fuel flow
generalized to one curve only at high engine speeds, the use of
generalizing factors for the I-40 engine glves only fair results.

Corrected performence data over & range of ram pressure ratios
at 30,000 feet are presented in figures 41 to 49, Performence at
a particular ram pressure ratlo at any altitude can be estimated
Prom these curves with the apparent accuracy indlicated In the gen-
erelization of altlitude data.
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Windmilling Drag Charecteristics

A Jot engine is sald to he windmilling when 1t is driven solely
by air forced through the engine by the forward motlion of the plane.
Values of the ratio of windmilling drag to net thrust developed with
the engine operating at 11,500 rpm for the I-40 engine are plotted
againat true alrspeed in figure 50. The net thrust used in this
ratio was obtained from figure 29 corresponding to the alrspeed and
altitude at which the windmilling dreg was measured. At an alti-
tude of 20,000 feet, when the engine was windmilling at aslrspeeds
of 235 and 550 miles per hour, the internal dreg increased from 2.6
to 13.7 percent of the net thrust developed by the engine operating
at 11,500 rpm at the same respective alrspeeds. At an airepeed of
400 miles per hour the windmilling drag decreased from 8.4 percent
et an altitude of 10,000 feet to 5.6 percent at 40,000 feet.

Altitude had no effect on the ratlo of windmilling drag to
free-stream dynamic pressure, which varied from 0.67 to 0.74 with
airspeeds of 125 and 650 miles per hour, respectively. (See
fig. 51.) An induction-system efficiency of 100 percent was
assumed in computing the value of drag. In order to obtaln the
total internal drag of the englne Installation in a particular air-
plane, the addition of the drag induced by losses 1n the induction
system to the windmilling dreg of the engine 1s necessary.

The origin of windmilling dreg 1s shown 1n surveys of the
total and static pressures through the engine whlle windmilling.
(sSee f1g. 52.)

SUMMARY OF RESULIS

From performance investigations of the I-40 Jet-propulsion
engine over a range of altitudes from 10,000 to 40,000 feet and ram
pregsure ratios, based on compressor-inlet pressures, from approxi-
mately 0.98 to 1.76, the followlng results were obtalned:

l. At an englne speed of 11,500 rpm, the net thrust and net
thrust horsepower decreased about 25 percent with each 10,000-foot
increase 1in altitude at any airspeed.

2. Specific fuel consumption based on net thrust horsepower
showed no effect of altitude. At an engine speed of 11,500 rpm
the apecific fuel consumption based on net thrust horsepower
decreased from 2.10 pounds to 0.80 pound of fuel per horsepower-
hour as the ram pressure ratlo lncreased from 1.08 to 1.76, which
corresponds to an increase in airspeed from 235 to 640 miles per
hour.

626
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3. At an altitude of 30,000 feet and an engine speed of
11,500 rpm, an increase in airspeed from 235 to 640 miles per hour
resulted in an increase in net thrust from 1525 to 1890 pounds and
an increase in net thrust horsepower from 855 to 3200,

4, The use of generalizing factors for estimating altitude
performance of the I-40 engine gave only fair results. Performance
of the engine at an altitude of 40,000 feet may be calculated from
wind-tunnel data obtalned at 20,000 feet with an accuracy within
ebout 9 percent at a corrected engine speed of 11,500 rpm.

5. At an altitude of 20,000 feet, the intermal drag when the
engine was winidmilling at airspeeds of 235 and 550 miles per hour
increased from 2.6 to 13.7 percent of the net thrust developed by
the engine operating at 11,500 rpm at the same respective alrspeeds.,
At an alrspeed of 400 miles per hour the windmilling drag decreased
Prom 8.4 percent at an altitude of 10,000 feet to 5.6 percent at
40,000 feet,

Flight Propulsion Research Laboratory,
Rational Advisory Committee for Aeronautics,
Cleveland, Ohlo,

REFERENCES

1. Silverstein, Abe: Investigations of Jet-Propulsion Engines in
the NACA Altitude Wind Tunnel. NACA ACR No. ESH23, 1945.

2. Turner, L. Richard, and Lord, Albert M.: Thermodynamic Charts
for the Computation of Combustlion and Mixture Temperatures
at Constant Pressure. NACA TN No. 1086, 1946.

3. Sanders, Newell D.: Performance Parameters for Jet-Propulslon
Engines. NACA TN No. 1106, 1946. '



44

Instrumentation station

0 Free stream 4 Compressor outlet
I Duct Iinlet 5 Turbine-nozzle intet
2 Compressor injets 6 Turblae outlet
3 Compressar face 7 Caiibration rilng
8 Tall~pipe~hozzle autlet
%= |nlet air and exhaust gas
] cooling air
8 4 32 - e e o
|
% : | -
/| !
/] : !
Coollng- '
alr
passage . | .
! L
M, MLl
[ .
s
—— r— re— /’

|
|
|
f
_\_\\_ng i

Rad
-+
—
apered L
tall plpe L
Cooling- Pienum splitter vane
air fan chamber -
P
o
T
Englne-
nacelle baffla g
=
o]
Figure 1. Instaliation of 1-40 jet-propulsion engine. &8
o0
o
]

IR N DU A BN R <




"ON WNd VOV¥N

z0983

- n|lrl' '
- 1-“',‘5!.{

.

i F”IL‘

Flgure 2. ~ Alrplane fuselage Installed in Claevaeland ajtitude wind tunnel.

1T







626

Figure 3. — View of alrplane fuselage showlng induction—system alr Inlets.
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corrected Jet thrust at ram pressure ratioc of approximately

1.2, Engine speed and jet thrust corrected to NACA standard

atmospherle conditions at sea level,
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Corrected net thrust, F,/0, 1b
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Figure 34.,~ Effect of corrected engine speed and altitude on
corrected net thrust at ram pressure ratio of approximately
l.2. Engine speed and net thrust corrected to NACA standard
atmospheric conditions at sea level,
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Corrected net-thrust horsepower, thp/(6y0)
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Pigure 35.,~ Effect of corrected engine speed and altitude on
corrected net~thrust horsepower at ram pressure ratio of
Engine speed and net—-thrust horsepower

eorrected to WNACA standard atmospheric conditions at sea

approximately 1.2.

level,
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Specific fuel consumption based on net-thrust horsepower, Wf/fhp, 1b/thp-hr
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Figure 36.~ Effect of corrected engine speed and altitude on
specifio fuel consumption based on net—thrust horsepower at
ram pressure ratio of approximately l.2. ine speed
{orrieted to NACA standard atmospheric condi ons at sea
evel,
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Figure 37.~ Effect of corrected engine speed and altitude on

corrected specific fuel consumption based on net thrust at

ram pressure ratlioc of approximately 1.2.

Englne speed and

specific fuel consumption corrected to WNACA standard atmos-
pheric conditions at sea level,
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Figure 38,~ Effect of corrected engine speed and altitude on
corrected specific fuel consumption based on jet thrust at
ram pressure ratio of approximately 1.2. Engine speed and

specific fuel consumption corrected to NACA standard atmos-
pheric conditions at sea level,



NACA RM No. E8GO2

Corrected fuel consumption We/(6Y8), 1b/hr
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Corrected fuel-air ratio, Wp/(W,8)
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Figure 40,- Effect of oorrected engine speed and altitude on
corrected fuel-alr ratio at ram pressure ratio of approxi-

mately 1.2. Engine speed and fuel-air ratio corrected to
NACA standard atmospheric conditions at sea level,
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Pigure 4l.,~ Effect of corrected engine speed and ram pressure
ratio on corrected air flow at altitude of 30,000 feet,

- Engine speed and air flow corrected to NACA standard atmos-
pheric conditions at sea level,
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Figure 42,—- Effect of corrected engine speed and ram pressure
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Figure 43.— Effect of corrected engine speed and ram pressure

ratio on corrected net thrust at altitude of 30,000 feet,
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Engine speed and net thrust corrected to NACA standard atmos-—
pheric condltlions at sea level,
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Corrected net-thrust horsepower, thp/(6{8)
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Figure 44,— Effect of corrected engine speed and ram preésure

ratlio on corrected net-thrust horsepower,
net-thrust horsepower corrected to NACA stand
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Pigure 45,~ Effect of corrected engine speed and ram pressure
ratio on specific fuel consumption based on net-thrust horse-
power at altitude of 30,000 feet, Engine speed corrected to
WACA standard atmospheric conditions at sea level,
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Plgure 46,~ Effect of corrected engine speed and ram pressure
ratio on carrected spesific fuel consumption based on net
thrust at altitude of 30,000 feet, Engine speed and specific
fuel consumption corrected to MACA standard atmospherie con-
ditions at sea level,
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Flgure 47,~ Effect of corrected engine speed and ram pressure
ratio on corrected specific fuel consumption based on jJet
thrust at altitude of 30,000 feet, Engine speed and specific

fuel consumption corrected to NACA standard atmospheriec con=
ditlions at sea level,
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Corrected fuel consumption, We/(6{8), 1b/hr
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Figure 48,.,—- Effect of corrected engine speed and ram pressure
ratio on corrected fuel consumption at altitude of 30,000

feet, Englne speed and fuel consumption corrected to NACA
standard atmospheric conditions at sea level,
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Figure 49,-~ Effect of corrected engine speed and ram pressure
ratio on corrected fuel-air ratio at altitude of 30,000 feet,
Engine speed and fuel-air ratio corrected to NACA standard
atmospheric conditions at sea level,
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